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Global warming is perceived to be a serious environmental threat. In North
America, most animal waste systems are anaerobic and at psychrophilic temperatures.
The final products of anaerobic digestion are methane and carbon dioxide. Both of these
gases contribute to global warming. Methane is more potent than carbon-dioxide on a
mass basis. This study estimated the production of methane and the maximum specific
growth rates (11. ) of mixed anaerobic populations at psychrophilic temperatures (10°C,
15°C and 20°C). We also developed a relationship between temperature and maximum
specific growth rates.
Results from the one year study showed that the production of methane at
psychrophilic temperature was very low. Methane yield (B) at 10°C ranged from 1.0 to
2.5 ml CH4/g VOS between 40 to 60 days hydraulic retention time (HRT). At 15°C and
20°C, B values ranged from 2.2 to 3.0 and 5.1 to 10.0 ml CH4/g VOS, respectively, and
corresponded to 30 to 50 days HRT.
The maximum specific growth rates of mixed anaerobic microorganisms at 10°C
and 15°C were estimated by the kinetic model developed by Chen and Hashimoto (1978)
as 0.03 and 0.076 day-1, respectively. at 20°C, 1.1,a was not determined because a
reasonable value was not apparent.
By combining our data collected at psychrophilic temperatures with the maximum
specific growth rates estimated by Chen et al.(1980) from temperature between 30°C and
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1. INTRODUCTION 
1.1  Background 
Anaerobic fermentation is a biological process which decomposes organic matter 
in the absence of oxygen to yield methane and carbon dioxide. This process occurs in 
many natural environments such as lake sediments, swamps, lagoons, the rumen and 
gastrointestinal tract of animals. The temperature range for this bioprocess occurs 
between 0°C to 97°C (Zeeman et al.  1988). Psychrophilic anaerobic fermentation is 
anaerobic fermentation that occurs at temperatures below 20°C. Because the ambient 
temperature in most natural settings is in the psychrophilic temperature range, research on 
psychrophilic anaerobic fermentation is relevant in many ways. First, release of methane 
and carbon dioxide to the atmosphere increases global warming that is becoming a 
serious environmental problem. Second, psychrophilic digestion has a better energy 
balance than mesophilic and thermophilic digestion (Sutter et al.,  1987; Paris et al.,  1987, 
Sutter and Wellinger, 1988). Anaerobic digestion at psychrophilic temperatures requires 
lower energy input. Third, compared to mesophilic and thermophilic anaerobic 
fermentation, research on psychrophilic anaerobic fermentation has not been extensively 
developed. 
Global warming is becoming a serious environmental threat in recent years. Most 
farmers treat their animal waste in relatively deep ponds called lagoons. Because of the 
absence of oxygen in these lagoons, anaerobic microorganisms transform organic matter 
to methane and carbon dioxide. Both methane and carbon dioxide are two of the gases 
that contribute to global warming. They are released from lagoon systems and 2 
accumulate in the atmosphere. Methane is estimated to be 58 times more potent than 
carbon dioxide on a mass basis (Ramanathan et. al, 1985). Thus, estimating how much 
methane is released from manure is important. Since most animal waste systems in North 
America are operated in the psychrophilic temperature range, it is important to 
understand psychrophilic methane fermentation. 
Compared to mesophilic (20°C to 40°C) and thermophilic (40°C to 60°C) 
anaerobic digestion, psychrophilic anaerobic digestion has a low heat requirement. The 
net energy production of a psychrophilic digester was found to be greater than that of a 
comparable mesophilic digester (Sutter and Wel linger 1988). Sutter et al.(1987) reported 
that digester operation at low temperature (15°C) provides a promising alternative to 
conventional mesophilic and thermophilic processes. They suggested that psychrophilic 
anaerobic digestion may allow operation at ambient temperatures and achieve waste 
treatment with higher energy recovery efficiency. Paris et al. (1987) suggested low-
temperature (10°C to 25°C) anaerobic treatment of piggery waste may present a better 
energy balance and a lower-cost digester design. 
Several kinetic models have been developed for anaerobic fermentation at 
mesophilic and thermophilic temperatures (McKinney, 1962; Eckenfelder, 1963, 
McCarty, 1969, Grady et al, 1972, Grau et al., 1975, Hill and Barth, 1977, Chen & 
Hashimoto, 1978, Lin et al., 1989; and Martin et al., 1994). The relationships between 
maximum specific growth rate (1.1,nax) and temperature for mesophilic and thermophilic 
fermentations have also been investigated (Hashimoto et al., 1981b), but there are few 
examples of data analysis for psychrophilic fermentation. 
1.2  Objectives 
The objectives of this research were to determine the maximum specific growth 
rate (i.tmax) of mixed anaerobic populations operating in psychrophilic temperature ranges, 
and to derive the relationship between !In,ax and temperature. These results may be used 3 
to predict the contribution of natural and man-made systems to the global warming and to 
design psychrophilic digestion systems. 4 
2. LITERATURE REVIEW
 
2.1  Anaerobic Digestion 
Anaerobic fermentation requires the syntrophic interaction of at least three 
different groups of bacteria: fermentative bacteria, H2-producing acetogenic bacteria 
(acetogens), and methanogens. These three groups of bacteria carry out the following 
three major phases of anaerobic digestion: hydrolysis, acetogenesis, and methanogenesis. 
In the first phase, fermentative bacteria hydrolyze complex organic matter to fatty 
acids, H2 and CO2. In the second phase, acetogens break down long-chain fatty acids to 
acetate, H2 and CO2. In the third phase, methanogens use acetate, CO2 and H2 to produce 
methane and carbon dioxide (McInerney and Bryant, 1978). Figure 1 illustrates the three 
groups of bacteria in anaerobic fermentation (McInerney and Bryant, 1978). 
In anaerobic digestion, acetogens and methanogens are associated with each other. 
The acetogens degrade organic acids such as propionate, butyrate, and some long chain 
fatty acids to produce acetate, H2 and CO2 only in presence of methanogens. The free 
energy of acetogenesis is positive; thus, this reaction is not energy favorable. However; 
the methanogens use the H2 produced during the acetogenesis reaction as an energy 
source. The free energy of methanogenesis is more negative than acetogenesis. By 
combining acetogenesis and methanogenesis, the net free energy of this bioprocess is 
negative and energy favorable. This process is highlighted in the following example of 
anaerobic fermentation (McInerney and Bryant,1978). 
Propionate-catabolizing acetogenic bacteria: 
CH3CH2C00- + 3 H2O 4-* CH3C00- + HCO3- + H+ + 3H2  (1) 
AGo' = +18.2 kcal/reaction 5 
H2-Utilizing methanogenic bacteria: 
4 H2 ± HCO3- HI- 44 CH4+ 3H20  (2) 
AGo' = -32.4 kcal/reaction 
Syntrophic association: (sum of those two reaction): 
4 CH3CH2C00-+ 3 H2O 44 4 CH3C00- + HCO3- + 1-1÷ + 3 CH4  (3) 
AGo' = -24.4 kcal/reaction 
2.2 Environmental Factors 
The main environmental factors that influence the rate of methanogenesis are 
temperature, pH, volatile fatty acids, alkalinity, nutrients and toxic materials (Hashimoto 
et al., 1981a). In our experiments, we investigated the effects of temperature, pH, and 
volatile fatty acids on the rate of methane production in the psychrophilic temperature 
range. 
2.2.1 Temperature 
In natural ecosystems, methanogenesis occurs between 0°C (glaciers)(Berner et 
al., 1975) to 97°C (hot springs)(Stetter, 1985). Temperature primarily affects the rate of 
methanogenesis. The maximum specific growth rate of microorganisms increases linearly 
with temperature increasing from 30°C to 60°C (Hashimoto et al., 1981a). The activity of 
methanogens is slower at lower temperatures. Because the ultimate methane yield (Bo) is 
independent of temperature but dependent on the specific substrates (Hashimoto et al., 6 
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Figure 1: Schematic representation of anaerobic degradation of organic 
matter by microorganisms. (McInerney and Bryant,1978). 7 
1981b), a consistent amount of methane can be produced from a given mass of manure 
by increasing retention time at low temperatures. 
The relationship between gas production and temperature in the psychrophilic 
range has been developed. Baker-Blocker et al. (1976) observed the methane production 
from 5°C to 40°C and indicated that the methane production by methanogens increased 
with increasing temperature. They derived second-order and first-order kinetic models 
to describe this relationship. Safley and Westerman (1994) reported that methane yield, 
B, typically increases linearly over the temperature range of 10 to 23°C for dairy manure. 
Sutter and Wel linger (1985) reported that the biogas production of psychrophilic 
anaerobic digestion showed a linear correlation with temperature in the range from 10°C 
to 20°C, and the daily gas production only varied significantly during the first 20 to 30 
days. They also found that 50 days is a reasonable retention time for adequate methane 
yield. Roy et al. (1985) indicated that a linear relationship with a high degree of 
correlation was noted between temperature below 26°C and the volume of biogas 
produced. The difference in gas production between the different temperatures occurred 
only during the first 20 to 30 days (Zeeman et al. 1988). 
2.2.2 pH 
Methanogens and acetogens are very sensitive to pH. The appropriate pH range 
for anaerobic fermentation is between 6.6 and 7.6 and the optimum pH is 7.0 to 7.2. 
Inhibition occurs when pH is below 6.2 ( McCarty, 1964 ). High pH is also a problem 
for methanogenesis. High levels of ammonia can increase pH and inhibit methanogens 
(Jewell et al., 1976). 8 
2.2.3  Volatile Fatty Acids 
Volatile fatty acids (VFA) are the intermediate products of this bioprocess. They 
are produced by fermentative bacteria in the first step of anaerobic fermentation. In 
anaerobic fermentation, the total VFA level is a very important indicator of anaerobic 
system performance. For efficient fermentation, VFA concentration has to remain below 
2.0 g acetate/L. Acute methanogenic toxicity occurs when the value of VFA is above 2.0 
g acetate/L (Hashimoto et al., 1981a). In the psychrophilic temperature range, a high rate 
of acetogenesis was observed, with fatty acids being the main products of the primary 
anaerobes' activity (Kotsyrubenko et al., 1993). Paris et al. (1987) also found that VFA 
were not completely degraded in an anaerobic fermentation which was operated at 25°C. 
Samson and Leduy (1985) compared psychrophilic fermentation (15°C and 25°C) to 
mesophilic fermentation (35°C) at the same loading rate. They reported that the VFA 
accumulated to a very high value (10 g/1) at 15°C, which was considerably higher than 
the VFA concentration (2.5, g/l) at 35°C  .  The high fatty acid concentration and low pH 
value indicated a slow methanogenic activity. Zeeman et al. (1988) reported the final 
VFA levels of psychrophilic fermentation at 10°C were considerably higher than at 
22°C after 50 days. They reported that at psychrophilic temperature ranges, 
methanogenesis might have been inhibited by fatty acids. 
In addition to the low temperature, high loading rate can also contribute to the 
accumulation of VFA. A continuous stirred tank reactor (CSTR) of cow slurry which 
was operated at 20°C and 30 days hydraulic retention time (HRT) produced very little gas 
while the VFA continued to increase. When the HRT was increased to 50 days, VFA 
started to decrease and the methane production was twice as high as that at 30 days HRT 
(Zeeman et al. 1988). 9 
2.2.4  Nutrients 
The presence of essential nutrients is important for anaerobic bacteria. Anaerobic 
bacteria need nutrients such as nitrogen, phosphorous, sulfur, trace minerals, and growth 
factors etc. Generally, animal manure contains all the required nutrients for anaerobic 
bacteria (Hashimoto et al. 1981a). 
2.3  Loading Rate 
Because methanogenesis at psychrophilic temperature is a very slow process, the 
loading rate should be low enough to avoid inhibition by overloading. Overloading not 
only can cause the accumulation of VFA (Zeeman et al., 1988), but also cause high pH 
due to the generation of ammonia (Jewell et al., 1976). Stevens and Schulte (1979) 
reported that the optimum loading rate and retention time for psychrophilic fermentation 
is below 2.0 kg volatile organic solids (VOS)/m3-day and 40 to 50 days HRT. 
Psychrophilic methanogenesis requires longer retention time and lower loading rate to 
achieve stable gas production rate, compared to mesophilic and thermophilic 
fermentations. To produce the same biogas volume, the retention time for psychrophilic 
fermentation is twice that of mesophilic fermentation (Stevens and Schulte, 1979). 
Equations 4 and 5 were developed to predict the relationship between loading 
rate and temperature (Safley and Westerman, 1990). They proposed that by combining 
conditions of low influent substrate concentration (pig manure-So<=62 Kg VOS/m3 and 
beef manure-So<=100 kg VOS/m3) and long retention time (0 >= 20 days), a given gas 
production can be maintained. 
LR2  [E(T2  T11 
= exp  (4)
LR1  T2 10 
LR2 
= exp[p(T2  Ti)]  (5) LR1 
where: 
p  = rate constant, °C-1 
E  = activation energy constant , cal.mole-1 
R  = ideal gas constant, 1.987 cal °K-1 mole-1 
T1, T2 = temperature ,°K 
LR1, LR2 = loading rates at T1 and T2, Kg VOS-m-1 -day-1 
At temperatures between 10 to 30°C, p is 0.1 °C-I (Henze and Harremoes, 1983) 
and E is 15,175 cal.mole-1(Safley and Westerman, 1990). Equations 4 and 5 were applied 
to a psychrophilic digester that they designed and had very similar results (Safley and 
Westerman, 1990). Based on these equations, the authors found that a loading rate of 
0.16 Kg VOS-m-3-day-1 was satisfactory for anaerobic digestion of dairy cow manure 
below 20°C (Safely and Westerman, 1992). 
2.4 Hydraulic Retention Time 
Hydraulic retention time (HRT) is related to the loading rate. Compared to 
mesophilic and thermophilic fermentation, HRT of psychrophilic fermentation  is 
relatively longer. Wel linger and Sutter (1985) reported that 50 days is a reasonable 
retention time for psychrophilic fermentation. Zeeman (1988) found the difference in gas 
produced at different temperatures within the psychrophilic range occurred only during 
the first 20 to 30 days. 11 
2.5 Inoculum 
Inoculum plays a very important role in anaerobic fermentation  (Hashimoto, 
1989), especially in psychrophilic fermentation (Zeeman et  al.,  1988, Sutter and 
Wel linger, 1985). The gas production at low temperature is primarily influenced by the 
acclimation of the inoculum (Sutter and Wel linger, 1985).  Before  reactors start up, 
microorganisms need to be acclimated to the operating temperature. Start-up time is the 
time before stable operation is established (Zeeman et  al.,  1988). Wel linger and 
Kaufmann (1982) reported that the adaptation of the bacterial population  to low 
temperature was possible, but was a very slow process. Sutter and Wel linger (1985) 
indicated that the adaptation of mesophilic inoculum to psychrophilic temperatures may 
take around 50 days. After the bacteria adapt to the psychrophilic temperature, gas yield 
shows a linear relationship with temperature. There are two possible ways to shorten the 
start-up time: one is using inoculum already acclimated to low temperatures, and another 
is adapting mesophilic organisms to psychrophilic temperatures (Zeemanet al. 1988). 
When inoculum was not acclimated to lower temperatures (5°C to 15°C), there 
was no methane formed within a digestion period of 5.5 months in continuous operation 
(Zeeman et al. 1988).  Using pre-cultured inoculum for psychrophilic fermentation, 
methanogenesis occurred at 5°C and there was no lag-phase when the inoculum was 50% 
of total working volume of batch fermentors (Zeeman et al. 1988). Methane production 
increased linearly in the temperature range from 10 to 20°C when using psychrophilic 
inocula (Zeeman et al. 1988). 
Zeeman et al. (1988) compared  gas  production  from  mesophilic  and 
psychrophilic acclimated inocula. Their results showed that after 50 days, psychrophilic 
fermentation with psychrophilic inocula produced more gas than mesophilic inocula. In 
contrast, mesophilic fermentation which used inocula acclimated to mesophilic and 
psychrophilic temperatures had the same gas production after 50 days ( Zeeman et al. 
1988). This showed that microorganisms adapt to low temperature fermentation slowly 
without losing their mesophilic capability. The amount of inoculum used will also affect 12 
the methane production rate (Zeeman et al., 1988, Hashimoto 1989).  In General, 
fermentation at low temperatures, with a small amount of inoculum, will have a longer 
lag-phase relative to that with large amount of inoculum (Zeeman et al., 1988). 
2.6  Kinetic Models 
A kinetic model for psychrophilic digestion has not yet been developed. However, 
there are many models for anaerobic digestion at mesophilic and thermophilic 
temperatures. First-order type models such as those developed by McKinney (1962), 
Eckenfelder (1963), Grady et al.(1972), and Grau et al.(1975) have been successfully 
applied to model steady-state anaerobic digestion. Kinetic models based on Monod 
equation, such as those developed by Lawrence and McCarty(1969), Hill and Barth 
(1977), and Lin et al. (1989), accurately predict anaerobic fermentation in continuously 
fed systems. Contois (1959) proposed a model which described the relationship between 
population density and specific growth of bacteria in a continuous culture. Chen and 
Hashimoto (1978) used the Contois model (equation 6) and developed the following 
kinetic model for anaerobic digestion (equation 7): 
I-1 max S  Contois Model  (6) CX+S 
where: 
= growth rate of microorganisms, day' 
Pmax  = maximum specific growth rate of microorganisms, day' 
S  = effluent concentration (g/L) 
X  = microbial concentration (g/L) 
C  = empirical dimensionless constant 13 
SO 
=  Chen and Hashimoto model (7)
K +(1 K)S 
where: 
K  = dimensionless kinetic parameter 
So  = influent concentration (g/L) 
Equation 7 is rearranged to equation 8 as follows: 
S/ K 
(8) / So  j_tm0 1+ K 
To relate the methane yield and the growth rate, Chen and Hashimoto (1978) 
assumed that the amount of unused substrate in the culture is directly proportional to the 
difference between ultimate methane yield (Bo, ml CH4/g VOS at infinite retention time) 
and methane yield (B, ml CH4/g VOS), and that biodegradable substrate loading is 
proportional to Bo. Equation 8 was modified to the following equations: 
Bo B 
(9) Bo  IA.0 1+ K 
or after arranging: 
B  (10) xe-1 +K] 
where: 
B  = methane yield, ml methane/g VOS 
Bo  = the ultimate methane yield , ml methane/g VOS 
= the retention time , day 14 
More recently, Martin et al. (1994) developed a generalized kinetic model based 
on Contois equation and Monod equation to model the anaerobic fermentation of olive 
mill wastewater at mesophilic temperature ( 37°C ). 
A + Ks / (STo  RSTo)
B = Bo[l 
11.0+A-1 
where: 
A  = kinetic parameter 
Ks  = half-saturation constant for hydrolyzed substrate (g /L) 
STO  = total feed substrate concentration (g/L) 
R  = refractory coefficient (= S/ST0) 
The Martin model differs from the model of Chen and Hashimoto (1978) in that it 
considers hydrolysis. 
2.6.1  Ultimate Methane Yield ( Bo ) 
The ultimate methane yield (Bo) is independent of temperature but dependent on 
the specific substrate (Hashimoto et al., 1981b). For animal waste, the species, the age of 
manure, the type of feedstock, as well as the storage method and the content of foreign 
materials can influence the value of Bo (Hashimoto et al., 1981b). There are two ways to 
find Bo: (1) long-term batch fermentation, plotting the accumulated CH4 yieldversus the 
retention time; or (2) in CSTR system, plotting B versus 1/0 and extrapolating to an 
infinite retention time. 15 
2.6.2  Dimensionless Kinetic Parameter ( K) 
The dimensionless kinetic parameter, K, indicates the degree of inhibition 
(Hashimoto et al., 1981a). Higher values of K correspond to environments that inhibit 
methanogens. Inhibition can be caused by the overloading of substrate or the existence of 
inhibitory substrates (Hashimoto et al., 1981a). Chen and Hashimoto (1978) reported that 
K is a function of influent volatile solids concentration(So) at mesophilic and 
thermophilic temperatures. They also compared the K values at mesophilic and 
thermophilic temperatures, and indicated that the values of K at thermophilic 
temperatures are slightly higher than those at mesophilic temperature. Hashimoto (1982) 
reported that temperature had no significant effect on K values when So was between 40 
g VOS/L and 100 g VOS/L in beef cattle digestors at thermophilic and mesophilic 
temperatures. He also indicated that K was relatively constant when the concentration of 
influent is smaller than 80 g VOS/L. When So was above 80 g VOS/L, K increased 
exponentially as So increased. The relationship between K and So (g VOS/L) for beef-
cattle manure is described by the following equation (Hashimoto 1982): 
K = 0.8 + 0.0016 exp ( 0.06 So)  (12) 
where: 
So = Influent concentration (g VOS/L) 
Although there is no data available for K at psychrophilic temperatures, we 
assume that K will be higher for psychrophilic fermentation than mesophilic and 
thermophilic fermentation when at the same So because of higher accumulation of fatty 
acids (Zeeman et al., 1988). 16 
2.6.3 Maximum Specific Growth Rate (µmax) 
Maximum specific growth rate of methanogens (µmax) is independent  of waste 
type or treatment process but dependent on temperature (Chen et al, 1980).  There is a 
linear relationship between temperature and  p.max for mesophilic and thermophilic 
fermentation (Hashimoto et al., 1981b). The relationship in the  range of temperature 
between 20°C to 60°C is described by the following equation: 
1.tmax =0.013 ( T ) - 0.129  (13) 
where:  T = Temperature ( °C ) 
According to this equation, it would be expected that p,max would continue to 
decrease as temperature decreases. 
Maximum specific growth rate of microorganisms  can be determined by 
rearranging equation 10 as follows: 
0=  + 0min x  k[  (14)
 min  BoB B1
 
where: 
1 
=  min 
max 
By plotting the hydraulic retention time (0) versus B/(Bo-B) and doing a linear 
regression, we are able to find  1/Iimax which corresponds to the intercept  .  Nonlinear 
regression of B and 0 from Equation 10 can also be used to estimate p,max and K. 17 
3. MATERIALS AND METHODS 
3.1 Experimental Design 
Two experiments were designed to investigate the effects oftemperature and 
loading rate on methane production at psychrophilic temperatures.  Experiment 1 
consisted of a batch fermentations to determine the ultimate methane yield of the 
substrate. In experiment 2, we used continuous stirred tank reactors (CSTR) with 
different HRT at three temperatures (10°C, 15°C and 20°C). The maximum specific 
growth rates of microorganisms were obtained by using the kineticmodel described in 
2.6. 
3.1.1  Experiment 1: Batch Fermentation 
This experiment was conducted to determine ultimate methane yield ( Bo, ml CH4 
/g VOS) of dairy manure. Six 120 ml serum bottles were used as fermentors. Three 
fermentors contained 10 ml fresh dairy manure from Oregon State University Dairy Farm 
and 50 ml inoculum. Inoculum was prepared by using fresh manure incubated at 35°C 
for three months. The other three fermentors contained 10 ml distilled water and 50 ml 
inoculum, and served as controls. Before the preparation of the fermentors, the total 
solids (TS, %) and volatile organic solids (VOS, %) of substrate were analyzed. The 
serum bottles were flushed with nitrogen before being sealed with a rubber stopper. All 
the bottles were incubated at 35°C for a long-term batch fermentation. The volume and 
the composition of gas were measured during the fermentation. The fermentationwas 
terminated when the gas production declined. 18 
3.1.2  Experiment 2: Continuous System 
The objective of experiment 2 was to compare the effect of temperature on the 
maximum growth rate of microorganisms. Continuous stirred tank reactors were used and 
fed on a daily basis. Table 1 summarizes the experimental parameters. 
Table 1: Summary of Experiment 2 
Temperature ( °C)  Number of fermentors  HRT 
10  2  60 
10  2  50 
10  2  40 
15  2  50 
15  2  40 
15  2  30 
20  2  50 
20  2  40 
20  2  30 
Gas composition, concentration of fatty acids, pH and the volume ofgas produced 
were measure periodically. By using the results of Experiments 1 and 2 and Equation 14, 
pimax at each different temperatures (10, 15 and 20°C) were estimated. 
3.1.2.1  Substrate 
Dairy manure from Oregon State University Dairy farm was used as the substrate. 
Before feeding, TS and VOS were determined. The percentage of volatile solids 19 
concentrations were 3.2 °A) , 3.2% and 1.6 % for the 20 ,  15, and 10°C treatments, 
respectively. Daily feed samples were then weighted and stored in freezer bags at -15°C. 
3.1.2.2 Fermentors 
Figure 2 illustrates the type of fermentors used for Experiment 2. The fermentors 
were 4 liters with an approximate working volume of 3 liters. The fermentorswere 
sealed with rubber stoppers (No.10). Each fermentor was equipped with a PVC pipe ( 20 
cm of length, 2.5 cm of diameter) as the feeding tube. A glass pipe (6 cm of length, 0.5 
cm of diameter) connected the fermentor to the gas collection bag (Tedlar gas bag) by a 
flexible tubing. Before the fermentors were started, three liters of inoculum were 
acclimated in each fermentor at appropriate temperature for about one to three months. 
The fermentors were mixed on a New Brunswick G10 Gyrotory shaker at 120 
revolutions/min. All fermentors were placed in a walk in chamber maintained at 10°C. 
Fermentors maintained at 15 and 20°C were heated by heating tapes. The 10°C 
fermentors were not heated. The HRT's for the reactors at 15°C and 20°C were 30, 40 
and 50 days. The HRT's for the reactors at 10°C were 40, 50 and 60 days. All 
fermentors were run for four volume turnover to reach steady state. 20 
gas bag 
outlet  I 
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Figure 2 : Schematic representation of fermentors. 21 
3.2 Methods 
3.2.1 Total Solids and Volatile Organic Solids 
Total solids (TS) and volatile organic solids (VOS) were determined by using the 
Standard Methods of water and wastewater examination (American Public Health 
Association, 1992). Three samples of ten grams of substrate were used to determine TS 
and VOS. Samples were placed in a weighed crucible and dried in an oven at 103 to 
105°C to a constant weight. The difference in weight over empty crucible represents the 
TS. Then, the residue from above was placed in a furnace at a temperature of 550 ± 
50°C for 24 hours. The difference in weight between dry matter and ash represents the 
VOS. 
3.2.2 Volatile Fatty Acids Measurement 
Volatile fatty acids (VFA) were measured periodically during the experiment. 
Samples for volatile fatty acid were prepared by diluting 10 ml of sample to 20 ml and 
adjusting the pH to 1.0-1.2 with concentrated H3PO4. After centrifugation at 2500 rpm 
for 25 minutes, the supernatant was filtered through a 0.45 um filter. The filtrate was 
used for fatty acids measurement by gas chromatography. The individual volatile fatty 
acids were measured by using a Hewlett-Packard Model 5890 Series II gas 
chromatograph with Nukol fused silica capillary column, split injection, FID detector, 
with helium as the carrier gas (20 ml/min.) and an oven temperature of 185°C. 22 
3.2.3 Gas Volume measurement 
For the batch fermentations, the volumes of gas produced were measured by 30 
ml and 50 ml glass syringes inserted into serum bottles' head space. Syringes were 
positioned horizontally and the displacement of the syringe plunger was used as the gas 
production volume. The gas volume was corrected to standard pressure (760 mm Hg) 
and temperature (0°C). The percentage of methane, as determined by gas 
chromatography, was used to calculate the volume of methane produced from each bottle. 
This volume was then corrected by subtracting methane produced in bottles containing 
inocula without substrate. In order to arrive at the methane yield (B, ml CH4/g VOS), the 
accumulated volume of methane produced was divided by the total VOS in feed in the 
bottle. 
For the continuous fermentors, the volume ofgas produced was measured using a 
solution displacement method (Hashimoto et al., 1981). Figure 3 illustrates the 
apparatus for measuring the gas volume. The carboy (20 liters) on the top was filled with 
a solution which contained 20% NaC1 and 0.5 % citric acid. The bottom Erlenmeyer 
flask ( 2000 ml) was set on an electronic balance (METTLER B2003). The balance was 
tarred to zero and then the stopcock of the gas bag and the one on the tubing to the 
bottom flask were open. When the gas bag was completely evacuated ( the solution in 
both sides of manometer started to move), the stopcock was closed. The weight of 
solution displaced divided by the solution density represents the volume of gas samples. 
Solution density was determined for each measurement. 23 
3.2.4 Gas Composition Measurement 
For experiment 1, gas samples for CO2 and CH4 composition measurements were 
withdrawn with a syringe from the vial head space. For Experiment 2, gas samples were 
withdrawn during the gas volume measurement  .  Gas samples (0.2 ml) were injected in a 
Hewlett-Packard Model 5890 Series II gas chromatograph equipped with chromosorb 102 
column, TCD detector, with helium as the carrier gas (30 ml/min.), and at oven 
temperature of 70°C. 
3.2.5 pH Measurement 
Values of pH were measured by using an ORION model 250A pH meter. The pH 
of each fermentor was measured periodically during the experiment. When the pH of the 
fermentors dropped below 6.6, concentrated NaOH solution (4N) was added to adjust the 
pH above 7.0. 24 
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Figure 3: The apparatus for measuring the gas volume. 25 
4. RESULTS
 
4.1 Ultimate Methane Yield 
The ultimate methane yield was obtained after 119 days of batch fermentation at 
35°C. The average ultimate methane yield of the methane fermentation was 293 ml 
CH4/g VOS. Figure 4 shows the methane production curve. 
4.2 Daily-Fed Fermentors 
All the fermentors were fed for four volume turnovers to reach steady-state. Each 
of the following combinations of temperature and HRT was duplicated. Table 2 shows 
the total time and the loading rates of all the fermentors. 
Table 2: The schedule of Experiment 2 
Temperature  HRT  Loading Rate  Total time 
(°C)  (days)  (kg VOS/m3-day)  (days) 
10  60  0.27  280 
10  50  0.32  203 
10  40  0.40  203 
15  50  0.64  204 
15  40  0.80  177 
15  30  1.07  120 
20  50  0.64  204 
20  40  0.80  177 
20  30  1.07  120
 26 
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Figure 4: Batch methane fermentation of dairy manure. 27 
4.2.1 10°C Fermentations 
Before the fermentors started, 3 liters of inoculum were acclimated to 10°C and 
were flushed with nitrogen. All the fermentors were acclimated to 10°C for 3 months. 
The methane percentage of each fermentors reached a constant level after one 
month except one of the fermentors at 50 days HRT. Figure 5 shows the methane 
concentration increased as a function of time. After four volume turnovers, the methane 
yields at steady-state for the 10°C fermentors were obtained (Table 3). 
Table 3: Methane yield at steady-state of 10°C fermentors 
HRT  Methane  B ± Stn. dev. 
(days)  (%)  (ml CH4 /g VOS) 
60  24.0 ± 5.3  2.5 ± 0.8 
50  16.9± 11.5  1.2 ± 0.4 
40  18.0 ± 2.9  1.0 ± 0.3 
Maximum specific growth rate of mixed anaerobic populations at 10°C was 
calculated by linear regression of equation 14. Figure 6 presents the liner regression line 
of HRT (A) and B/(Bo-B) where Bo was the ultimate methane yield obtained from the 
batch fermentation (Figure 4), and the values of B were methane yields at steady-state. 
The intercept and slope represent 1/gmax and k/p,max respectively. The !Amax of mixed 
anaerobic microorganisms at 10°C was estimated to be 0.031 day"' and the dimensionless 
parameter (K) was estimated to be 102 by linear regression method. 
We also did a nonlinear regression of Equation 10 to estimate !Amax and K values 
by Excel-solver. The !Amax and K were estimated as 0.033 and 129 respectively. The  pina 
calculated by linear regression method was used for further analysis. 0 
28 
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Figure 5: Methane concentration of 10°C fermentors. 29 
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Figure 6: Regression line of 0 = 1 umax +Idgmax [B/(Bo-B)] for 10°C /. 
fermentors. 30 
The methane yields of the 10°C fermentors were very low. Table 4 shows VOS 
content of influents and effluents, as well as the concentrations of fatty acids, and pH 
values of the effluents of all the fermentors at 10°C. The utilization of VOS (g/day) was 
small. Since fermentative bacteria use the organic matter to produce fatty acids and 
acetogens use the long-chain fatty acids to produced acetic acid, the accumulation of 
fatty acids and the low utilization of VOS suggested that the activities of the 
methanogens, and the fermentative and acetogenic bacteria were low. 
Table 4: The analysis of effluents of 10°C fermentors 
HRT  VOS (g / day )  Fatty acids 
(days)  Influents  Effluents  Used  (mg/1)  pH 
60  0.80  0.64 ± 0.05  0.13 ± 0.05  1540 ± 341  7.20 ± 0.04 
50  0.96  0.89 ± 0.05  0.07 ± 0.05  1405 ± 197  7.01  ± 0.03 
40  1.20  1.11  ± 0.08  0.09 ± 0.08  1011  ± 529  7.02 ± 0.01 
Fatty acid is a very important intermediary for anaerobic digestion. The high 
accumulation of fatty acids can inhibit methanogenesis and acetogenesis. The 
concentration of fatty acids increased as soon as the fermentors were started. Figure 7 
shows the concentration of fatty acids accumulated during the feeding period, one of 
them was even up to 1800 mg/1 at steady-state. The accumulation of fatty acids inhibited 
methanogenesis, and also influenced the stability of fermentors. The fatty acids were 
mainly acetic acid, propionic acid and buytric acid. Thus, although the mixed 
microorganisms under anaerobic condition are not active, the fermentative and acetogenic 
bacteria were still more active than the methanogens. 
The accumulation of fatty acids was the main reason for using lower loading rates 
at 10°C than were used at 15°C and 20°C. Overloading also can cause higher fatty acids 
concentration. In fact, before this experiment, we tried to use the same loading rate as 
those for 15°C and 20°C which were 0.64 kg VOS/m3-day, 0.8 kg VOS/m3-day, and 1.07 
kg VOS/m3-day. The fatty acids accumulated as soon as the fermentors started and did 31 
not recover even after feeding was stopped. To avoid the accumulation of fatty acids, we 
used equation 2 to decide appropriate loading rates for the 10°C fermentation. After we 
reduced the loading rate ( 0.4, 0.32, 0.267 kg VOS/m3-day) for the 10°C fermentors, the 
fatty acids still accumulated, but the accumulation was slower than those with higher 
loading rates. 
In addition to the high accumulation of fatty acids, pH values ofall the fermentors 
also dropped below 6.6 during the experiment. We adjusted the pH to above 7.0 by 
using 4N NaOH. 
Although the values of B were relatively low, the I.Lmax (0.03 day-i) determined by 
linear regression was still higher than the estimation from equation  13 ( 0.001 day-1). In 
contrast, the value of the parameter (K) was very high (102) compared to the value of K 
calculated from equation 12 (0.8). This is probably because equation  12 was developed 
for mesophilic and thermophilic anaerobic digestion. Under psychrophilic temperatures, 
methanogens are inhibited by the higher loading rate as well as the very low 
temperatures. 32 
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Figure 7: Fatty acids concentration of 10°C fermentors 33 
4.2.2 15°C Fermentations 
The 15°C fermentors were started at a HRT of 50 days. Two fermentors 
contained three liters of inocula and were acclimated to 15°C for one month. After four 
volume turnovers, the HRT was reduced to 40 days. The complete mixture of the 50 days 
HRT fermentors at steady-state was used as inocula for the 40 days HRT fermentation. 
Another two fermentors at 30 days HRT were started with 3 liters of inocula at 35°C for 
a month and then acclimated to 15°C for another month. The loading rate for 30, 40, and 
50 days HRT fermentors were 1.07, 0.8, 0.64 kg VOS/m3-day, respectively. 
The percentage of methane increased as soon as the fermentors started. After the 
first volume turnover, methane composition reached a stable level. Figure 8 shows the 
methane concentration of the 15°C fermentors. The methane concentration of the  40 and 
50 days HRT fermentors at 15°C increased with time. The methane concentration of the 
30 days HRT fermentations decreased from approximately 60% to 50 % when the 
fermentors started and then stayed at a stable level around 50% methane. After four 
volume turnovers, B values of 30, 40 and 50 days HRT at steady-state were determined. 
Table 5 is the summary of results for the 15°C fermentors. 
Table 5: Methane yield at steady-state of 15°C fermentors 
HRT  Methane  B ± Stn. Dev. 
(days)  (%)  (ml CH4 /g VOS) 
50  50.0 ± 0.3  3.0 ± 0.4 
40  51.8 ± 0.4  2.2 ± 1.0 
30  55.0 ± 0.9  2.9 ± 0.8 34 
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Figure 8: Methane concentration of 15°C fermentors. 35 
Maximum specific growth rates of mixed anaerobic populations at 15°C were 
estimated using equation 14. We did two linear regressions. One used the mean B values 
of 50, 40 and 30 days HRT, while the other one did not include the B value of 30 days 
HRT fermentors. Figure 9 and Figure 10 show the regression lines respectively. 
The regression line of Figure 9 was 0 = 33 + 704 [B/(Bo-B)]. The !Amax of 
anaerobic populations at 15°C was 0.03 days, which was very close to the lxma of 
anaerobic populations at 10°C (0.031 day-1 ). The regression line that did not include the 
B values for 30 days HRT which was 0 = 13 + 3570 [B/(Bo-B)]. Figure 10 shows the 
plot of HRT vs. B/(Bo-B) and the regression line. The value of !Amax was calculated as 
0.076 day'l. By using the nonlinear regression for 40 and 50 days HRT data (Excel-
solver), limax was estimated to be 0.076 day'. 
Table 6 shows the effluents analysis, including the concentration of fatty acids, 
the VOS content and the pH values at steady-state. 
Table 6: The analysis of effluents of 15°C fermentors 
HRT  VOS (g / day )  Fatty acids 
(days)  Influents  Effluents  Used  (mg/1)  pH 
50  1.92  1.25 ± 0.26  0.67 ± 0.26  120 ± 169  7.14 ± 0.05 
40  2.40  1.02 ± 0.35  1.38 ± 0.35  457 ± 94  7.13 ± 0.01 
30  3.20  2.49 ± 0.47  0.71 ± 0.47  679 ± 398  7.25 ± 0.04 
Fatty acids did not accumulate after four volume turnovers at 40 day HRT and 
15°C fermentation. When the fermentors at 50 days HRT were started, the concentration 
of fatty acids increased immediately. But after two weeks without feeding, they recovered 
and the fatty acids concentrations remained low. For the 30 days HRT fermentors at 
15°C, the higher loading rate caused higher concentration of fatty acids. One of the 
fermentors at 30 days HRT had the highest concentration of fatty acids(961 mg/1) among 
the others' at this HRT resulting in the lower methane production and VOS utilization of 
this fermentor compared to another fermentors at 15°C with same HRT of 30 days. 36 
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The inoculum plays an important role in psychrophilic anaerobic digestion. At 15 
and 20°C with 50 days and 30 days HRT reactors, the inoculum was acclimate for only 
one month, but the reactors at 40 days HRT used the reactor contains from the with 50 
days HRT at 4 turnover as inoculum, which were acclimated to the temperature for 
almost 7 months. Both reactors at 50 days and 30 days HRT had higher fatty acids 
accumulation compared to the ones at 40 days HRT. 
Because of the high fatty acids concentration at 30 days HRT and the poor 
correlation coefficient when the 30 days HRT data was used (R2 = 0.012), the umax value 
was determined using only the 40 and 50 days HRT data. Thus, a µ,a of 0.076 day-1 was 
selected for 15°C. 
4.2.3 20°C Fermentation 
Similar to the fermentations at 15°C, two fermentors with 3 liter of inoculum 
were acclimated to 20°C for one month at 50 days HRT. After four volume turnovers, 
HRT was reduced to 40 days and the mixture in the fermentors was used as inoculum. 
Another two fermentors were prepared separately with 3 liters of inoculum and 
acclimated to 20°C for one month. The loading rates for 30, 40 and 50 days HRT were 
1.07, 0.8, 0.64 kg VOS/ m3-day, respectively. 
The percentage of methane for the 40 and 50 days HRT fermentors increased to 
almost 50% after one month. Figure 11 shows the methane concentration of the 
fermentors operated at 20°C. The methane concentration of the fermentors at 30 days 
HRT decreased from 63% to around 50% after they were started. After four volume 
turnovers, the concentrations of methane of the 20°C fermentors were in a range from 
52% to 55%. Table 7 is the summary of the methane production of the 20°C 
fermentations after four volume turnovers. 39 
Table 7: Methane yield at steady-state of 20°C fermentors 
HRT (days)  Methane %  B ± Stn.Dev. 
(ml CH4 /g VOS) 
50  53.2 ± 1.42  6.3 ± 1.0 
40  55.0 ± 1.21  5.1 ± 2.8 
30  55.2 ± 0.9  10.0 ± 7.1 
Maximum specific growth rate of mixed anaerobic microorganisms at 20°C was 
not determined because a reasonable value was not apparent. According to Figure 12, it is 
very clear that there is no linear relation between B/(Bo-B) and HRT. Linear regression 
of the data showed a line that sloped in a direction contrary to theory. When only the 40 
and 50 days HRT data were used, the linear regression produced a negative intercept, an 
invalid value. 
Table 8 presents the analysis of the effluents from the 20°C fermentors at steady-
state. At 20°C, the activity of anaerobic bacteria should be higher than at 15°C and 10°C. 
However, methane yield at 20°C were also lower than expected. The volatile fatty acids 
concentration and pH's were at levels indicating stable fermentation and little stress. 
Table 8: The analysis of effluents of 20°C fermentors 
HRT  VOS (g / day )  Fatty acids 
(days)  Influents  Effluents  Used  (mg/1)  pH 
50  1.92  1.38 ± 0.35  0.54 ± 0.35  0 ±0  7.16 ± 0.02 
40  2.40  1.40 ± 0.23  1.00 ± 0.23  343 ± 335  7.25 ± 0.08 
30  3.20  2.14 ± 0.12  1.06 ± 0.12  393 ± 89  7.39 ± 0.06 40 
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Figure 11: Methane concentration of 20°C fermentors. 41 
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4.3 Discussion 
Methane production has been shown to increase linearly as temperature increases 
(Baker-Blocker et. al, 1976, Sutter and Wel linger, 1985, Roy et al., 1985, Safley and 
Westerman, 1994). In our study, we got the same results. When the temperature 
decreased, B values decreased. At the same loading rate, the B values of 15°C 
fermentors were less than those of 20°C fermentors. Table 9 presents the comparison of 
B values of all the fermentors at different temperatures and different HRT. 
Table 9: Comparison of methane yield (ml CH4 /g VOS) at different temperature
and HRT 
HRT (days)
 
Temperature(°C)  60  50  40  30
 
10  2.5  1.2  1.0 
15  3.0  2.2  2.9 
20  6.3  5.1  10.0 
Chen et. al (1980) reported a linear relationship between !Amax and temperature 
between 30°C and 60°C for beef-cattle manure. Figure 14 shows a plot of their data and 
our data at 10°C and 15°C. Linear regression of the data in Figure 14 yielded the 
following relationship: 
1.1. = 0.012 ( T ) - 0.086  (15) 
The R-square of this regression line was 0.986. The standard errors for the slope 
and the intercept were 0.000538 and 0.022, respectively (p < 0.05). Because the 'Amax of 
15°C was determined only by two data points, a further experiment is necessary to verify 
this relationship. Also, ptmax at 20°C needs to be determined to verify the linear 
relationship between pinax and temperature. 44 
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5. CONCLUSION
 
In order to investigate the methane production and the maximum specific growth 
rate of methanogenesis at psychrophilic temperatures, we followed methane production 
for almost 1 year in continuous fermentors at 10°C, 15°C, and 20°C with HRT of 60, 50, 
40, and 30 days. 
The results showed that at psychrophilic temperatures, methane production under 
anaerobic condition was very low. The methane yield, B, for 10°C was from 1.0 to 2..5 
ml CH4 /g VOS fed. For 15°C, B was from 2.2 to 3.0 ml CH4/g VOS fed.  For 20°C, B 
was from 5.1 to 10.0 ml CH4/g VOS fed. Temperature affected the production of 
methane. At the same HRT, when temperature decreased, B decreased. At 10°C and 40 
days HRT, there was almost no methane production. 
At 10°C, the utilization of VOS was also small. This indicated that the activity of 
the anaerobic populations was low. However, the accumulation of fatty acids at this 
temperature indicated that although all the microorganisms were not very active at 10°C, 
fermentative bacteria and acetogens were more active than the methanogens. 
Due to the inconsistency of the methane production of 15°C fermentation at 30 
days HRT, gmax was determined only by using B values at 40 and 50 days HRT. The 
gmax of 20°C was not determined because a reasonable value was not apparent. 
Maximum specific growth rates of mixed anaerobic populations at 10°C and 15°C 
were determined. When temperature decreased, gmax was smaller. By combining the 
data of i.tmax from Chen et. al (1980) for beef-cattle manure with our gmax at 10°C and 
15°C, we found that there was a linear relationship between temperature and gmax from 
10°C to 60°C. The relationship was described by the following equation:  !Amax = 0.012 ( 
T ) -0.086. Because the gmax at 15°C was determined using only two data points, the 
relationship of temperature and gmax we developed still needs further experiments for 
verification. 46 
In our study, we extended the relation of temperature and ilmax from thermophilic 
and mesophilic temperatures to psychorphilic temperatures. These results can be used to 
predict the maximum specific growth rate of methanogenesis at psychrophilic 
temperatures and can also be used to design psychrophilic digestion systems. 47 
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